Abstract: Laminated metals sheets have been used widely in various sectors including the optoelectronics, aerospace, ship, and automotive industries because of their desirable mechanical properties. Therefore, techniques for successful joining of such laminates are a focus of study. The objective of this study was to perform butt-welding of bi-layered aluminum laminated sheets using the friction stir welding (FSW) technique. The tensile properties, flexural properties, residual stress distribution, and fractured surfaces of the final weldments were analyzed. The effects of the process parameters on the mechanical properties of the weldments were also investigated. Mixing defects (voids and cracks) were observed in the stir zone (SZ) at the following combinations: low rotational speed (ω) and low tool traverse speeds (v) and also at high ω and high v, which substantially decreased the tensile and bending strength of the weldments as well as % elongation. Moreover, the sample welded at ω = 1500 rpm and v = 47.5 mm/min showed the best performance under mechanical loading: with a % elongation and tensile strength of 24.72% and 79.10 MPa, respectively. Similarly, the sample welded at ω = 750 rpm and v = 118 mm/min showed the highest flexural strength of 3.15 MPa. Finally, the suitable parameters are proposed for the joining of bi-layered aluminum laminated sheets.
Introduction
Important mechanical properties such as corrosion resistance, formability, and high strength to weight ratio possessed by aluminum (Al) alloys have made it increasingly popular in the aerospace and automotive industries. The use of aluminum sheets in the body panels of automobiles is an interesting application as it can significantly reduce vehicle's weight. As a consequence, the automobile manufacturers are shifting from steels towards Al/Al-alloys for manufacturing lighter, safer, and more efficient automobiles [1, 2] . The mechanical properties can further be improved by assembling materials in laminated form. The laminated material can be obtained by stacking thin sheets. In recent years, laminated sheets have attracted attention from various sectors including the optoelectronics, aerospace, ship, and automotive industries because they offer superior properties in comparison to monolithic sheets or base materials (BM) [3, 4] . The aluminum laminated sheets exhibit better strength to weight
Materials and Methods
In the current study, bi-layered commercial aluminum laminated sheets of 90 mm × 55 mm × 4 mm dimensions were used as the BM. The chemical composition and mechanical properties of the as received BM are shown in Table 1; Table 2 , respectively. A tapered pin FSW tool with a 16 mm shoulder diameter, 3 mm pin height, 5 mm initial pin diameter, and 3 mm pin tip diameter was used ( Figure 1a) . In order to maximize the material flow from the advancing side (AS) to the retreating side (RS), a constant tool tilt angle of 2 • was maintained during all the experiments [21] . Tensile tests were performed to determine the ultimate tensile strength and % elongation of the BM and welded specimens. A computer numerically controlled (CNC) electric discharge machine (Jilin Songjiang Technology & Trade co. ltd., Tianjin, China) was employed to extract sub size I-shape tensile test specimens of the BM and weldments (across the weld) as per ASTM (E 8M standard. The universal testing machine INSTRON 5567 (Instron Corp., Norwood, MA, USA) was used to perform tension test at a crosshead rate of 1 mm/min, until the fracture occurred. Bending test samples of 18 mm × 100 mm × 4 mm were cut using CNC-EDM in accordance with ASTM E190-92 standard. The flexural behavior and ductility of the weldments were investigated by root bend test (i.e., bending force-application on the weld surface). The distance between the centers of two supporting rollers was 90 mm. A constant cross head speed of 1.5 mm/min was maintained Initially the blanks of specified dimensions were cut and the edges of the blanks were grinded to minimize the gap between the adjacent surfaces. A specially designed fixture ( Figure 1b ) was used to hold the joining blanks firmly. A vertical milling machine was used to perform the FSW process.
For the experimental plan, nine different combinations of processing parameters were selected, as shown in Table 3 . This experimental plan was followed to perform the FSW process for butt joining of bi-layered aluminum laminated sheets by varying tool rotation and tool traverse speeds. Tensile tests were performed to determine the ultimate tensile strength and % elongation of the BM and welded specimens. A computer numerically controlled (CNC) electric discharge machine (Jilin Songjiang Technology & Trade Co. Ltd., Tianjin, China) was employed to extract sub size I-shape tensile test specimens of the BM and weldments (across the weld) as per ASTM (E 8M standard. The universal testing machine INSTRON 5567 (Instron Corp., Norwood, MA, USA) was used to perform tension test at a crosshead rate of 1 mm/min, until the fracture occurred.
Bending test samples of 18 mm × 100 mm × 4 mm were cut using CNC-EDM in accordance with ASTM E190-92 standard. The flexural behavior and ductility of the weldments were investigated by root bend test (i.e., bending force-application on the weld surface). The distance between the centers of two supporting rollers was 90 mm. A constant cross head speed of 1.5 mm/min was maintained during the bending test up to a maximum deflection of 5%. The residual stresses in the BM and in different zones of welded samples were determined using the hole drill method (ASTM E-837-13a). In this method, a tungsten carbide drill bit of 1.6 mm diameter was used for drilling a small hole through the thickness with a step size of 0.1 mm. The relieved strains of the strain gauge rosettes during drilling were measured with the help of a P3 strain indicator. The measured strains were then post-processed for determining the corresponding stresses using H-drill software. Finally, scanning electron microscopy (SEM) (TESCAN, Brno, Czech Republic) was performed to analyze the fractured surfaces of bending and tensile samples.
Results and Discussion

Microscopic Observations
Visual and microscopic observation of weldments is very important as it provides the basic information about the quality of the produced joints. Hence, all the welds were visually inspected at the first instance. The accumulation of defects resulted in the formation of voids (formation of gaps or unfilled indents where the material is not present) and cracks in various tests such as weldments in Tests 1, 4, 8, and 9, as shown in Figure 2a -e. Thorough analysis indicated that these defects have links with the selection of parameters. For instance, Test 1 was performed at low ω and high v, and the joint suffered from voids. In fact, this can be attributed to improper mixing due to: 1) low tool rotation rate (ω) that results in insufficient generation of heat required to soften the material; and 2) high tool traverse speed (v) that does not provide sufficient time for complete softening and effective mixing of the material [22] . The defects also appeared for higher v and higher ω (Figure 2c,d 
Temperature Evolution
During the FSW process, continuous stirring generates heat due to friction between the FSW tool and workpiece. As a result, the heat generated during stirring causes softening and hence joining of the material, as discussed by Mishra et al. [4] . The amount and dissipation rate of the generated heat dictated the final quality of the weld. The temperature distribution across the weld region of Test 1 and Test 7 weldments was measured as shown in Figure 3 . Test 1 and Test 7 weldments were produced at a v of 47.5 mm/min and ω of 750 rpm and v of 47.5 mm/min and ω of 1500 rpm, respectively. The material in Test 7 experienced the highest temperature of 266 • C in the stir zone (SZ) due to highest value of ω. While Test 1 weldment endured the lowest peak temperature of 163 • C in the SZ due to lowest value of ω.
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The highest temperatures in both the cases were found to be in the SZ, which gradually decreased along the width in both directions as shown in Figure 3 . The temperature on the advancing side (AS) of the weld during FSW was found to be slightly higher than that of the retreating side (RS). The lower temperature on the RS might be due to lack of material on the RS, occurring as a result of the difference in material flow between the AS and RS. 
Tensile Properties
The stress-strain curves obtained from the tensile-test of the BM and weldments are shown in Figure 4 . All the weldments showed a lower ultimate tensile strength (UTS) and failure strain as compared to that of the BM. Furthermore, Test 1 and Test 4 weldments exhibited brittle fractures due to the presence of mixing defects as discussed in Section 3.1. On the other hand, the rest of the samples experienced a considerable plastic deformation, and necking behavior was observed prior to fracture. Only Test 5 is an exception among this group, which showed a failure strain of approximately 6%. Tensile samples of Test 7, 8 , and 9 weldments showed high UTS, while the Test 1 sample exhibited the smallest UTS, as shown in Figure 4 . Furthermore, the failure strain in Test 7 was highest among all the weldments. It might be due to the high input heat (high temperature generation) and better material mixing (high tool rotational speed and low tool traverse speed). Although the Test 8 and Test 9 samples showed the highest UTS but an increase in v at high ω (1500 rpm) in both the cases caused the inverse effect on the ductility. Therefore, this is a similar trend to that concluded by Bisadi et al. [16] . The highest temperatures in both the cases were found to be in the SZ, which gradually decreased along the width in both directions as shown in Figure 3 . The temperature on the advancing side (AS) of the weld during FSW was found to be slightly higher than that of the retreating side (RS). The lower temperature on the RS might be due to lack of material on the RS, occurring as a result of the difference in material flow between the AS and RS.
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Guided Bend Test for Ductility of Welds
The highest magnitude of stress on the stress-strain curve of each FSW and BM gives the flexural strength, as shown in Table 5 . Test 3 exhibits the maximum flexural strength while Test 1 shows the minimum flexural strength, as presented in Table 5 . The BM was ductile in nature, thus the set deformation was achieved (without fracture) at a flexural strength of 2.5 MPa. The Test 1, 3, 4, and 5 samples were completely fractured under the bending load before acquiring the required deflection of 5%, as shown in Figure 6a . However, cracks on the bend surface were observed in the Test 6 sample, as shown in Figure 6b . The minimum flexural strength of the Test 1 weldment is due to the accumulation of defects as discussed in Section 3.1. Although the Test 3 sample showed the highest flexural strength, it was fractured before attaining the required deflection, which predicts an inferior ductile nature of the Test 3 weldment. The possible reasons for the low ductility and lower levels of plastic deformation in the fractured samples could be an inappropriate combination of ω and v (as discussed in section 3.1). The increase in ω up to 1500 rpm increased the flexural strength and ductility due to high heat generation (Test 7, Test 9). Similarly, the increase in v from 47.5 mm/min to 118 mm/min at low ω of 750 rpm (Test 1, 2 & 3) increased the flexural strength but decreased the ductility. The reduction in ductility might be due to the rapid cooling (the low tool contact time with the workpiece and hence low heat localization).
Residual Stress Distribution in Welded Zones
The residual stress distribution in the BM and two representative weldments (Test 1 and Test 7) was determined. The strains in two directions were measured: S1 is the strain measured in the transverse direction of the weld and S3 is the strain measured along the direction of the weld, as shown in Figure 7a . The residual stress distribution in the SZ and TMAZ on the advancing side (AS) and retreating side (RS) was determined. The attached strain rosettes are shown in Figure 7b . The measured longitudinal residual stress (i.e., S3) distribution through thickness in the NZ and TMAZ on the AS and RS are shown in Figure 8 . The longitudinal residual stresses in the NZ were mostly tensile in nature. The heat generated in the NZ during stirring is greater than the heat produced in other zones, as reported by Mahoney et al. [23] and Dialami et al. [24] , which could release a greater amount of residual stress in the NZ. As a result, the magnitudes of the residual stress in the NZ were mostly less than those produced in the TMAZ on both the AS and RS, as shown in Figure 8 . A similar finding was observed in Buglioni et al. [25] . The possible reasons for the low ductility and lower levels of plastic deformation in the fractured samples could be an inappropriate combination of ω and v (as discussed in Section 3.1). The increase in ω up to 1500 rpm increased the flexural strength and ductility due to high heat generation (Test 7, Test 9). Similarly, the increase in v from 47.5 mm/min to 118 mm/min at low ω of 750 rpm (Test 1, 2 & 3) increased the flexural strength but decreased the ductility. The reduction in ductility might be due to the rapid cooling (the low tool contact time with the workpiece and hence low heat localization).
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The residual stress distribution in the BM and two representative weldments (Test 1 and Test 7) was determined. The strains in two directions were measured: S1 is the strain measured in the transverse direction of the weld and S3 is the strain measured along the direction of the weld, as shown in Figure 7a . The residual stress distribution in the SZ and TMAZ on the advancing side (AS) and retreating side (RS) was determined. The attached strain rosettes are shown in Figure 7b . The measured longitudinal residual stress (i.e., S3) distribution through thickness in the NZ and TMAZ on the AS and RS are shown in Figure 8 . The longitudinal residual stresses in the NZ were mostly tensile in nature. The heat generated in the NZ during stirring is greater than the heat produced in other zones, as reported by Mahoney et al. [23] and Dialami et al. [24] , which could release a greater amount of residual stress in the NZ. As a result, the magnitudes of the residual stress in the NZ were mostly less than those produced in the TMAZ on both the AS and RS, as shown in Figure 8 . A similar finding was observed in Buglioni et al. [25] . The measured longitudinal residual stress (i.e., S3) distribution through thickness in the NZ and TMAZ on the AS and RS are shown in Figure 8 . The longitudinal residual stresses in the NZ were mostly tensile in nature. The heat generated in the NZ during stirring is greater than the heat produced in other zones, as reported by Mahoney et al. [23] and Dialami et al. [24] , which could release a greater amount of residual stress in the NZ. As a result, the magnitudes of the residual stress in the NZ were mostly less than those produced in the TMAZ on both the AS and RS, as shown in Figure 8 . A similar finding was observed in Buglioni et al. [25] . The longitudinal residual stresses in the TMAZ on the AS were mainly compressive while those on the RS were mostly tensile in nature, as shown in Figure 8 . In addition, the magnitude of stresses on the AS is lower than those on the RS. The temperature rise in the TMAZ is slightly higher on the AS, as reported by Arbegast et al. [26] . This higher temperature rise on the AS may have helped in releasing a higher amount of residual stresses on the AS. The transverse residual stress (i.e., S1) distribution through thickness is shown in Figure 9 . The transverse residual stresses in all the zones were mainly tensile and non-uniform in nature. Like longitudinal residual stresses, the transverse residual stresses in the NZ were lower compared to that of the other zones. Initially in the TMAZ, the residual stresses in the transverse direction were slightly higher on the AS. However, along the depth, transverse residual stresses on the AS tended to decrease, whereas on the RS, the transverse residual stresses increased abruptly as a result of the higher temperature drop through thickness on the RS. 
Comparison of Residual Stress Distribution
The longitudinal and transverse residual stress distributions in the BM and in the NZs of the two representative weldments (Test 1 and Test 7) are determined, as shown in Figure 10a ,b, respectively. In the weldments of Test 7 and Test 1, transverse and longitudinal residual stresses were mainly tensile and non-uniform in nature. However, in the BM the longitudinal residual stresses were mostly compressive in nature while the transverse residual stresses showed tensile behavior.
Test 1 exhibited the maximum tensile residual stresses in both longitudinal and transverse directions. It is due to the low temperature rise. This increase in transverse residual stresses in tensile nature seems to have reduced the tensile load bearing capability. It can be seen in Section 3.3 that Test 1 shows the least tensile strength. The ω in Test 7 was higher as compared to that of Test 1, which produced greater amount of heat. The higher amount of heat produced in Test 7 may have released a higher amount of residual stresses in Test 7 as compared to that of Test 1, as shown in Figure 10 . The longitudinal residual stresses in the TMAZ on the AS were mainly compressive while those on the RS were mostly tensile in nature, as shown in Figure 8 . In addition, the magnitude of stresses on the AS is lower than those on the RS. The temperature rise in the TMAZ is slightly higher on the AS, as reported by Arbegast et al. [26] . This higher temperature rise on the AS may have helped in releasing a higher amount of residual stresses on the AS. The transverse residual stress (i.e., S1) distribution through thickness is shown in Figure 9 . The transverse residual stresses in all the zones were mainly tensile and non-uniform in nature. Like longitudinal residual stresses, the transverse residual stresses in the NZ were lower compared to that of the other zones. Initially in the TMAZ, the residual stresses in the transverse direction were slightly higher on the AS. However, along the depth, transverse residual stresses on the AS tended to decrease, whereas on the RS, the transverse residual stresses increased abruptly as a result of the higher temperature drop through thickness on the RS. The longitudinal residual stresses in the TMAZ on the AS were mainly compressive while those on the RS were mostly tensile in nature, as shown in Figure 8 . In addition, the magnitude of stresses on the AS is lower than those on the RS. The temperature rise in the TMAZ is slightly higher on the AS, as reported by Arbegast et al. [26] . This higher temperature rise on the AS may have helped in releasing a higher amount of residual stresses on the AS. The transverse residual stress (i.e., S1) distribution through thickness is shown in Figure 9 . The transverse residual stresses in all the zones were mainly tensile and non-uniform in nature. Like longitudinal residual stresses, the transverse residual stresses in the NZ were lower compared to that of the other zones. Initially in the TMAZ, the residual stresses in the transverse direction were slightly higher on the AS. However, along the depth, transverse residual stresses on the AS tended to decrease, whereas on the RS, the transverse residual stresses increased abruptly as a result of the higher temperature drop through thickness on the RS. 
Test 1 exhibited the maximum tensile residual stresses in both longitudinal and transverse directions. It is due to the low temperature rise. This increase in transverse residual stresses in tensile nature seems to have reduced the tensile load bearing capability. It can be seen in Section 3.3 that Test 1 shows the least tensile strength. The ω in Test 7 was higher as compared to that of Test 1, which produced greater amount of heat. The higher amount of heat produced in Test 7 may have released a higher amount of residual stresses in Test 7 as compared to that of Test 1, as shown in Figure 10 . 
Test 1 exhibited the maximum tensile residual stresses in both longitudinal and transverse directions. It is due to the low temperature rise. This increase in transverse residual stresses in tensile nature seems to have reduced the tensile load bearing capability. It can be seen in Section 3.3 that Test 1 shows the least tensile strength. The ω in Test 7 was higher as compared to that of Test 1, which produced greater amount of heat. The higher amount of heat produced in Test 7 may have released a higher amount of residual stresses in Test 7 as compared to that of Test 1, as shown in Figure 10 . Furthermore, the BM possessed the least residual stresses in both longitudinal and transverse directions, as shown in Figure 10 . The presence of residual stresses in the parent sheet might be due to its pre-straining (cold working).
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Fracture under Bending Loads
Comparison between FSW of Layered and Monolithic Sheet Metals
A comparative analysis of the previous and current investigations on FSW of the laminated and monolithic sheet is presented in Table 6 . It can be observed that the current study (laminated sheet joining) is in agreement with the findings of the previous studies (monolithic sheet joining). The general effect of the FSW process parameters on the mechanical properties in both the cases is almost alike. It can be inferred from Table 6 that in most of the cases, the tool rotation rate in the range 1000-1500 rpm resulted in an increased UTS. Furthermore, the increase in tool rotation rate from 1500 rpm and the increase in tool traverse rate at the higher tool rotation rate (ω ≥ 1200 rpm) considerably decreased the tensile properties in both (laminated and monolithic) the cases. The ductility of the bilayer sheet weldments is found to be greater than that of the monolithic sheet joints. It could be due to effective material mixing during FSW of the laminated sheet. Moreover, the conditions for the maximum tensile strength and ductility are not alike. It might be due to the type of material employed and also the range of parameters selected. Therefore, it seems possible to say that the materialparameter interaction exists in FSW of the laminated sheet.
Proposed Welding Conditions for Laminated Aluminum Sheets
It was observed that the tensile strength and % elongation of all experiments decreased as compared to the BM. However, Test 7 showed the highest % elongation and tensile strength of 24.72% and 79.10 MPa, respectively. Similarly, Test 3 showed the highest flexural strength of 3.15 MPa and Test 7 showed a similar value of flexural strength as compared to the BM. Therefore, the Test 7 parameters (i.e., ω = 1500 rpm and v = 47.5 mm/min) are proposed for the joining of bi-layered aluminum laminated sheets on the basis of higher tensile strength, better ductile nature of fracture, and medium value of flexural strength. 
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